Hexagonal boron nitride (h-BN) has received great interest in recent years as a wide bandgap analog of graphene-derived systems, along with its potential in a wide range of applications, for example, as the dielectric layer for graphene devices. However, the thermal transport properties of h-BN, which can be critical for device reliability and functionality, are little studied both 
equation starting from the first principles. Our experimental and numerical results compare favorably for both the in-plane and through-plane thermal conductivities. We observe unusual temperature-dependence and phonon-isotope scattering in the through-plane thermal conductivity of h-BN and elucidate their origins. This work not only provides an important benchmark of the anisotropic thermal conductivity of h-BN, but also develops fundamental insights into the nature of phonon transport in this highly anisotropic layered material.
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I. INTRODUCTION
Hexagonal boron nitride (h-BN), a layered two-dimensional (2D) material with similar lattice structure as graphite, has been frequently used as an ultraviolet light emitter, 1,2 as a solid lubricant in harsh environments, 3 and as a thermally conductive and electrically insulating filler in composites, 4 due to its unique physical properties. More recently, there is increasing interest in using h-BN as a substrate for graphene electronics. 5 Many unique features of h-BN, including its atomically smooth surface (free of dangling bonds and charge traps), very high-frequency optical phonon modes, large electronic bandgap, and especially similar lattice constants to graphene, make it an ideal substrate for graphene electronics. Graphene devices on h-BN substrates are
shown to have the mobility and carrier homogeneity that are almost an order of magnitude better than graphene devices on SiO 2 substrates. 5 Moreover, graphene/h-BN heterostructures exhibited many interesting phenomena [6] [7] [8] [9] [10] [11] and have been proposed for a wide range of applications including field-effect transistors (FET), [12] [13] [14] quantum tunneling transistors, 15 high-frequency oscillators, 16, 17 tunneling diodes, 18 LEDs, 19 and solar cells. 20 Thermal management is critical in many of these BN-related applications; it is therefore of fundamental importance to develop a detailed understanding of the thermal transport properties of h-BN. [41] [42] [43] [44] In this paper, we present an integrated study of the anisotropic thermal conductivity of bulk h-BN single crystals from both experiments and first-principles-based calculations over the temperature range of 100 K to 500 K. Both the in-plane and through-plane thermal conductivities of bulk h-BN single crystals were measured by TDTR using multiple modulation frequencies and calculated from a full numerical solution of the Peierls-Boltzmann phonon transport equation.
Our measurements and calculations agree favorably with each other. We also develop fundamental insights into the nature of phonon transport in this highly anisotropic layered 2D material.
II. METHODOLOGIES A. Experimental details
The h-BN single crystal (grade A) samples, which were purchased from SPI Supplies®, are 1-mm-sized flakes with a thickness >10 μm (see Fig. 1 (b) for an optical image of a typical sample). Microscopic images of the samples demonstrate atomically flat surfaces and large domain sizes >50 μm (see Fig. 1(c) ). The h-BN samples are of high purity, as confirmed by the sharp peak in the Raman spectrum provided by the vendor (see Fig. 1(d) ). To prepare the samples for measurements, the small h-BN crystals were first attached to a large Si wafer using a carbon tape. The first few layers of h-BN were then removed by exfoliation with scotch tape immediately before the deposition of a 100 nm Al film using an e-beam evaporator. The Al film serves as a transducer for the thermal conductivity measurements. 45 We measure the anisotropic thermal conductivities of h-BN using ultrafast laser-based timedomain thermoreflectance. 46 In our TDTR measurements, a train of laser pulses at an 81 MHz repetition rate is split into a pump path and a probe path. The pump pulses are modulated at a frequency in the range 1-10 MHz using an electro-optic modulator, while the probe pulses are When TDTR experiments are conducted under the condition of , , the heat flow is threedimensional and the TDTR signals depend on both K r and K z of the sample. Note that w 0 here is the root-mean-square (RMS) average of the 1/e 2 radii of the pump and probe spots on the sample surface. Previously, we developed a variable spot size TDTR approach to measure anisotropic thermal conductivity. 46 In the variable spot size TDTR approach, different heat transfer regimes are achieved by varying the laser spot size w 0 and fixing the modulation frequency f (and consequently , ) to avoid potential artifacts from frequency-dependent K z of the sample. 46 materials such as MoS 2 48 and black phosphorus 49 , and some semiconductor alloys 50, 51 . However, not all layered 2D materials are found to have frequency-dependent K z , with h-BN and graphite as two such examples. 46 In this work, a fixed laser spot size of w 0 = 10 μm and multiple modulation frequencies from 
B. Computational details
Our calculations are based on a full solution of the Peierls-Boltzmann transport equation [28] [29] [30] with harmonic (for phonon frequencies) and anharmonic (for phonon interactions) interatomic force constants (IFCs) calculated from DFT. 31, 32 More specifically, we used the plane-wave 
based Quantum Espresso package 54,55 within the local density approximation (LDA) using Perdew-Zunger exchange correlation 56 and norm-conserving von Barth Car pseudopotentials 57 to represent the core electrons. The bulk h-BN system was relaxed with the AA' layer stacking configuration (see Fig. 1(a) ) using 12x12x8 electronic integration grids and a 110 Ryd energy cutoff. This gives structural lattice constants a = 2.478 Å and c = 6.425 Å. These parameters are 1% and 3.5% smaller than measurements, 53 respectively, as LDA calculations typically overbind the atoms. 58 DFT van der Waals corrections were not included as LDA calculations of the phonon dispersions agree well with measured data (see Fig. 2 ). The harmonic IFCs, highfrequency dielectric tensor and Born effective charges used to construct the dynamical matrices that determine phonon frequencies were calculated from density functional perturbation theory 23 over the entire temperature range; however, both K r and K z are nearly twice larger than those measured by Simpson et al. 24 .
Decreasing in temperature from 400K, both measurements and calculations demonstrate typical increasing K r as intrinsic phonon-phonon interactions become weaker. However, the measured K r value peaks at ~200 K and begin to decrease with decreasing temperature, while calculations continue to increase with 1/T behavior. This discrepancy is likely due to extrinsic scattering (e.g., defects, inclusions, grain boundaries, etc.) that provide relatively stronger thermal resistance at lower temperatures as intrinsic scattering becomes weak.
An interesting phenomenon is revealed by the temperature dependence of K z of h-BN in Fig.   3 . While K r of h-BN exhibits a 1/T dependence as expected in the high-temperature range > 300 K, 63 the K z temperature dependence is relatively flat, not following the usual trend, in both our measurements and calculations. Furthermore, calculated results in Fig. 3 show a significant reduction in K z due to phonon-isotope scattering at higher temperatures > 300 K (increased spacing between the pure and natural h-BN curves) than observed at lower temperatures. The opposite behavior (stronger phonon-isotope scattering at lower temperatures) is expected and seen in the temperature dependence of K r . These unusual behaviors of K z of h-BN can be understood in terms of the relatively important high-frequency phonons in determining the overall through-plane conductivity of h-BN, as discussed in detail below. very high temperatures, the high-frequency conductivity contributions also decay as 1/T (see the peak behavior in high-frequency contributions in Fig. 4(a) ). Across the entire temperature range of 100-1000 K, K r is dominated by the contributions from the low-frequency modes. On the other hand, due to the weak interlayer coupling in h-BN, the low-frequency modes have small velocities and thus their contributions to K z become comparable to or even lower than those of the high-frequency modes at higher temperatures. As the high-frequency modes become more important in K z at high temperatures, so does the phonon-isotope scattering that these modes are more susceptible to (considering the fourth power frequency dependence of the phonon-isotope scattering rate 1/ ~ ). Therefore, the unusual temperature and isotope behaviors of K z of h-BN at high temperatures >300 K are due to the relatively small and decreasing conductivity contributions from the low-frequency modes and the increasing contributions of the highfrequency modes as temperature increases.
For a wide variety of applications of h-BN in nano-devices, feature size relative to the heatcarrier mean-free-paths (MFPs) is of practical importance as it affects the effective thermal conductivity of nano-sized h-BN. Figure 5 gives the normalized cumulative thermal conductivity 
IV. CONCLUSION
In summary, this work presents an integrated study of the anisotropic thermal conductivity of bulk h-BN single crystals using both the time-domain thermoreflectance techniques and the firstprinciples calculations over the temperature range of 100 K to 500 K. The TDTR measurements were conducted with multiple modulation frequencies, and the calculations were from a full numerical solution of the Peierls-Boltzmann phonon transport equation with interatomic forces from density functional theory calculations as input. Our measured and calculated temperaturedependent anisotropic thermal conductivities agree favorably well. We observed unusual behaviors in the temperature-dependent K z of h-BN at high temperatures >300 K, which are attributed to the relatively low contributions from low-frequency modes in the through-plane thermal conductivity of h-BN at high temperatures. This work not only provides an important benchmark of the anisotropic thermal conductivity of h-BN but also develops fundamental insights into the nature of phonon transport in this highly anisotropic layered material.
